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Description 

MICRO-SCALE FIRETRAIN FOR 
ULTRA-MINIATURE 
ELECTRO-MECHANICAL SAFETY AND 

ARMING DEVICE 

Cross Reference to Related Applications 

[0001] This application claims the benefit under 35 USC 119(e) of 
U.S. provisional patent application 60/320,097 filed April 
8, 2003, the entire file wrapper contents of which are 
herein incorporated by reference as though fully set forth 
at length. In addition, U.S. nonprovisional patent applica- 
tion serial number 10/248,972 filed on March 6, 2003 
and entitled "Miniature MEMS-Based Electro-Mechanical 
Safety and Arming Device" is hereby incorporated by ref- 
erence. 

Federal Research Statement 



[0002] The inventions described herein may be made, used, or li- 
censed by or for the U.S. Government for U.S. Government 



purposes 
Background of Invention 

[0003] The invention relates to a micro-scale firetrain (MSF) for 
MEMS (microelectromechanical system) based electro- 
mechanical safety and arming (S&A) devices. The inven- 
tion significantly reduces the volume and cost over simi- 
lar-functioning macro-scale initiating firetrains, while also 
reducing the amount of lead-bearing compounds associ- 
ated with the firetrain. 

[0004] The principal application of the invention is in munition 
fuze safety and arming for gun-launched and other tube- 
launched munitions, wherein, typically, launch (setback) 
acceleration and spin-induced centrifugal acceleration are 
sequentially detected, thresholded, and utilized to effec- 
tuate mechanical arming of a firetrain. More generally, 
this invention applies to any safety-critical explosive de- 
vice or system, such as an ammunition fuze safety and 
arming device (S&A), in which the explosive firetrain mass, 
volume, and firing energy need to be minimized and the 
explosive firetrain needs to be kept in a safe condition 
prior to intended firing. Other applications of the present 
invention are for safety and arming in grenades, mortars, 
tank rounds, rockets and submunition grenades, mines, 



torpedoes and other weapons. 

[0005] U.S. Patents 3686934, 3759183, 3812783, 4644863 and 
6497180 generally describe an electrically-initiated deto- 
nator (in particular, U.S. 3686934) in the form of a cylin- 
drical enclosure (a cup), formed with one end closed and 
the other end open, filled with a first layer of secondary 
explosive, a second layer of primary explosive, and 
topped with an explosive header that is crimped in place 
to seal the cup. The header has a spot-welded heater wire 
(bridgewire), which is generally painted with a sensitive 
explosive primary mix for initiation, and contact elec- 
trodes of some kind. The detonator is then used in a me- 
chanical S&A system wherein it functions as an explosive 
initiation member between an initiation stimulus (fire 
pulse from fuze circuit) and an acceptor charge, some- 
times called a "lead charge". 

[0006] | n these prior designs, the sealed assembly including the 
cylindrical enclosure, the explosive fill, the header and 
bridgewire, etc., constitutes an electric detonator whose 
position relative to an input stimulus and an output fire- 
train is managed by the mechanism of a mechanical safety 
and arming (S&A) device. Because the detonator is large 
and massive (compared to the MEMS mechanism-based 



implementation of the present invention), the S&A mecha- 
nism must also be large. 
[0007] jo elaborate further, prior-art electric detonators and ex- 
plosive initiation systems are all of a similar construction, 
including a current-pulse generating fire circuit, an elec- 
trical-contact header, a resistively-heated hot-wire bridge 
or thin-film element, a glass or plastic seal between 
header and cup, and an explosive-filled cup. In general, 
the header comprises concentric metal contacts electri- 
cally coupled through a bridgewire but otherwise electri- 
cally separated by a glass or plastic seal from the explo- 
sive cup. The bridgewire is painted with a sensitive pri- 
mary explosive mixture such as lead styphnate. The 
header is pressed and crimped into a cup that has been 
previously loaded with first a secondary explosive for out- 
put and a primary explosive transfer charge on top of the 
secondary as described above. The cup generally has a 
coined bottom membrane. When a current is passed 
across the contacts through the sealed device, the bridge 
wire undergoes resistive heating, initiates the first primary 
explosive, which initiates the second primary explosive, 
which initiates the output fill, which shears and throws the 
coined metal cup-bottom at high velocity across a gap 



into a receiver explosive, which is detonated thereby. 

[0008] There are variations among the cited prior-art patents 
from the general case described above. U. S. patent 
3759183 combines an instantaneous electric detonator 
with a delay electric detonator tandemly in a single struc- 
ture. U. S. patent 3812783 describes a detonator that is 
initiated optically instead of electrically. U. S. patent 
4644863 describes a detonator with an electrically insu- 
lated casing and pole piece. Finally, U. S. patent 6497180 
describes a detonator in which the heater wire or 
bridgewire of other designs is replaced by a carbon film 
resistor. In all these cases the detonators comprise essen- 
tially the same overall construction as was noted above. In 
every case, the metal cup or enclosure is quite large com- 
pared to the corresponding movable element of the 
present invention. 

[0009] Typically an electric detonator or initiator such as the 
M100 is assembled as a self-contained unit into a me- 
chanical safe and arm (S&A) system of a weapon, by drop- 
ping it into a hole in a slider or rotor that is able to move 
it — by translation or rotation — to control the mechanical 
arming status of a firetrain. The S&A mechanism functions 
by holding the detonator away from (out of line with) 



downstream elements of a firetrain, such as a so-called 
lead charge or a booster charge, until a weapon is 
launched. Upon detecting a valid launch, the S&A mecha- 
nism places the detonator in a position in-line with an ex- 
plosive firetrain, which arms the weapon. Such movement 
usually involves translation of a slider or rotation of a ro- 
tor. 

[0010] | n this process, the whole detonator is moved to and fro 
as an explosive transfer element. Often the leads are the 
explosive train elements that are moved from an out of 
line position to an in line position. The leads are out of 
line in a rotor that mechanically blocks transfer of the 
detonator's explosive output to the S&A's output leads; 
the detonator remains stationary, since it is connected by 
lead wires to the firing circuit. This manipulation requires 
a relatively large mechanism, since the typical detonator 
body is comprised of a cylinder approximately 0.25 inches 
in length by 0.1 inches in diameter. Some newer detona- 
tors are shorter, of approximately 0.19 inches in length, 
and a little smaller in diameter. Nonetheless, these di- 
mensions and the need for a transport mechanism still 
larger than the detonator itself set a practical limit on how 
small a conventional type mechanical S&A system can be 



made. 

[0011] The present invention radically revises that physical limit 
by reducing the size of the movable element in the initiat- 
ing explosive train. For example, the volume of the mov- 
able transfer charge used in the present invention is about 
150 times smaller than the analogous movable element, 
typically a detonator such as the M100. Because the in- 
ventive firetrain transfer element is so small, the mecha- 
nism necessary to control and move its position for arm- 
ing can be correspondingly small, whereby miniaturization 
of the entire S&A device is made possible. 

[0012] Also, traditional assemblies often require the use of an 
explosive barrier capable of stopping the output of the 
whole M100 detonator. This requirement adds consider- 
able mass and the need for a strong structure. A system 
with the present invention however must only present a 
barrier or a gap that can stop the output of a far smaller 
transfer charge, greatly reducing the need for ancillary 
structure. 

[0013] | n one embodiment, the present invention entails a mov- 
able transfer charge that contains no primary (sensitive) 
explosives and therefore is less hazardous to load, han- 
dle, and use, than the M100. This is because during as- 



sembly of the present invention into a MEMS S&A struc- 
ture such as that cited earlier no significant amount of 
secondary explosive is ever in-line with (juxtaposed 
against or near) sensitive primary explosives, making it 
much safer than prior-art S&A assemblies to handle. In 
addition, the inventive micro-scale firetrain as a whole 
contains much less primary explosive than the M100 det- 
onator. 

[0014] Prior-art detonators for S&As are unsatisfactory, com- 
pared with the current invention, because they are larger, 
and require tight tolerances as well; also layered press 
loads. They typically use expensive-to-manufacture spot- 
welded bridge wires to initiate the first reaction, whereas 
the present invention uses wafer-based batch-produced 
thin-film-bridge chips. The comparatively sizable explo- 
sive output of a standard detonator requires a larger dis- 
tance between the armed/not-armed states inside the 
mechanical S&A, forcing the assembly to be larger. At the 
same time, because such an assembly must of necessity 
have relatively large gaps between conventionally-manu- 
factured working parts, the detonator must be powerful 
enough to operate across those gaps. Prior art detonators 
require a larger quantity of primary explosive to be han- 



died on the detonator and fuze assembly line, which in- 
creases the safety hazard to production-line personnel. 
Prior art detonators use a larger quantity of lead- 
containing primary explosives, which has adverse health 
and environmental impacts during both manufacture and 
in-service functioning. 
[0015] The present invention meets the need for an ultra- 
miniature firetrain that can be implemented in a MEMS- 
based safety and arming device or more generally in an 
ultra-miniature mechanical-logic/explosive-coupled as- 
sembly. The invention has the potential to reduce the de- 
pendence of the military on traditional detonators such as 
the M100 electric detonator, which are relatively bulky and 
expensive. The invention also significantly reduces the 
output of lead-containing byproducts of the explosive ini- 
tiation when compared to the output of a conventional 
detonator such as the M100 electric detonator. One prob- 
lem solved by the invention is the need for smaller and 
cheaper S&As to increase weapon lethality and affordabil- 
ity, by virtue of eliminating the standard detonator and 
implementing the functions of the detonator and mechan- 
ical safety logic within the miniature S&A mechanism it- 
self. The invention also provides feasible ultra-miniature 



explosive components suitable for assembly in an explo- 
sive train applicable to the MEMS scale. 

[0016] Compared to the prior art, the invention has differences 
that give beneficial results. One principal difference is 
miniaturization. New applications are possible because 
the radical miniaturization of the explosive train elements 
yields a corresponding miniaturization of the S&A mecha- 
nism needed to transport the moving transfer charge and 
also a corresponding reduction in the distance (stroke) 
necessary to separate safe and armed conditions, hence a 
much smaller overall structure. The present invention can 
be adapted to or employed in miniaturizing existing fuze 
S&As and circuits because the electrical input to initiate 
the MSF of the current invention is or can be identical to 
that of the standard M100 or similar detonators. 

[0017] The invention provides a remedy for applications for saf- 
ing and arming of miniature munitions where extremely 
small size is required. The greatly reduced explosive train 
volume allows for redundant explosive trains thereby in- 
creasing reliability. The greatly reduced fuzing volume 
creates volume for other munition functions/systems. 
Miniaturization has ancillary effects such as reducing the 
mass of the firetrain components, and also thereby the 



mass of the mechanism controlling the firetrain. Mass re- 
duction improves implementations in situations such as 
impact and penetration environments, high vibration envi- 
ronments, and launch shock environments, in which a 
large-mass S&A would not only be subjected to potentially 
destructive loads but in which the large-mass S&A would 
subject its surrounding structures to potentially destruc- 
tive loads. 

[0018] with its greatly reduced size and mass, the MEMS S&A is 
also much easier to protect from high-G transients. Also, 
being smaller, the location options of the firetrain are in- 
creased. The ease of providing duplicate systems is in- 
creased, because the invention occupies only a fraction of 
the volume of large-scale S&As, thereby increasing explo- 
sive system reliability. Increased reliability means de- 
creased dudding rate, which reduces the unexploded ord- 
nance problem. Additionally, in high transient tempera- 
ture environments, part of the volume freed up can be 
used to insulate against high temperature transients. 

[0019] The inventive MSF employs conventional primary explo- 
sives upstream of the interrupter/movable transfer 
charge, but all other charges may be secondary explo- 
sives. The primary-explosive initiating charge (later re- 



ferred to as the "input column") is stationary with no mov- 
ing electrical contacts or connections required. The trans- 
fer charge (movable firetrain element) of the present in- 
vention contains, in one embodiment, only secondary 
(insensitive) explosives, and therefore may be safer to 
load, handle, and use than systems containing a movable 
element (e.g., M100 detonator) that contains primary ex- 
plosives. Implementation of the present invention may in- 
clude primary explosives in the transfer charge, if desired 
for some purpose. Relative to a standard electric-initiated 
detonator such as the M100 detonator, the invention 
eliminates more than 96% of the lead-containing primary 
explosives. 

[0020] The invention includes advancements in safety in applica- 
tions for small volume explosive systems where hand 
safety is required; in applications for small volume explo- 
sive systems where total munition safety is required; and 
in applications for high-G shock environments where 
minimization of mass is desirable. The movable transfer 
charge, in one embodiment, contains no primaries 
(primary, or sensitive, explosives), resulting in safer han- 
dling. The present invention (the MSF) classifies as an in- 
terrupted explosive train because the MEMS S&A mecha- 



nism physically retains the transfer charge out of line with 
other elements (the donor and the acceptor) of the fire- 
train until mechanical arming is achieved. The shape of 
the transfer charge necessitates, in one embodiment, two 
right-angle turns of the firetrain, which is hard for nature 
to imitate in the absence of the transfer charge. This is a 
safer design because the input and output explosive 
columns are never in-line. Transmission of detonation 
from input to output requires the presence of the cou- 
pling energetic transfer charge. 
[0021] The present invention also achieves cost savings. There is 
reduced cost for S&A assembly including elimination of 
traditional detonator; reduced firing range cleanup costs 
because of reduced lead in MSF compared to electric det- 
onators; reduced health hazard to manufacturers and fir- 
ing range personnel because of reduced lead; cost savings 
from batch process MEMS fabrication/explosive loading/ 
assembly; cost savings from reduced quantities of explo- 
sives in firetrain; and cost savings for configuration 
changes in future from batch nature of MEMS fabrication/ 
assembly. The present invention can be less expensive in 
large-quantity production because it is amenable to in- 
situ and even wafer-scale slurry-loading or cast-loading 



techniques. 

[0022] The present invention can be used with existing weapon 
systems such as the IAWS (XM29 Integrated Air Burst 
Weapon System) 25 mm grenade round fireset using the 
same firing parameters. The output of the MSF is able to 
detonate existing output explosive relays. The contem- 
plated use of the MSF in the MEMS S&A complies with the 
safety requirements of MIL-STD-1316 and MIL-STD-331, 
Test Dl. The MSF components individually and collectively 
have been shown to survive and function after experienc- 
ing launch shock levels of 45,000-65,000 Gs peak launch 
acceleration. 

[0023] The invention includes a three-explosive-component out- 
of-line explosive train including a stationary input charge, 
a movable transfer charge, and a stationary receiver/out- 
put charge, with a total volume of explosives (the three 
components) less than about 0.002 cubic centimeters. 
The input and movable elements of the train comprise 
less than about 0.0012 cubic centimeters. The explosive 
transfer charge is detonable by an input explosive charge 
of 0.001 cubic centimeters volume or less. Novel configu- 
rations for the separation of explosive components main- 
tains safety in out-of-line (safe) conditions. 



Brief Description of Drawings 

[0024] The invention will be better understood, and further ob- 
jects, features and advantages thereof will become more 
apparent from the following description of the preferred 
embodiments, taken in conjunction with the accompany- 
ing drawings, in which: 

[0025] Figure 1 is an elevation view of one embodiment of a mi- 
croscale firetrain (MSF) according to the invention. 

[0026] Figure 2 is a plan view of the embodiment of Figure 1. 

[0027] Figure 3 is a cross-sectional elevation view of a MEMS safe 
and arm assembly, taken along the line A-A in Figure 4, 
and including the firetrain of Figures 1 and 2. 

[0028] Figure 4 is a plan view of a MEMS safe and arm assembly. 

[0029] Figure 5a is a plan view of a MEMS safe and arm assembly 
in the safe (unarmed) position and incorporating a second 
embodiment of a microscale firetrain according to the in- 
vention. 

[0030] Figure 5b is a cross-sectional elevation view taken along 
the line B-B of Figure 5a and further including cover plate 
and initiator board assemblies. 

[0031] Figure 5c is an enlarged view of a portion of Figure 5b. 

[0032] Figure 6a is a plan view of the safe and arm assembly of 



Figure 5a in the armed position. 
[0033] Figure 6b is a cross-sectional elevation view taken along 

the line D-D of Fig. 6a and further including the cover 

plate and initiator board assemblies. 
[0034] Figure 6c is an enlarged view of a portion of Figure 6b. 

[0035] Figure 6d is a cross-sectional elevation view of an alterna- 
tive to the embodiment of Figure 5a. 

[0036] Figure 7a is a plan view of a MEMS safe and arm assembly 
in the safe (unarmed position) and incorporating a third 
embodiment of a microscale firetrain according to the in- 
vention. 

[0037] Figure 7b is a cross-sectional elevation view taken along 

the line F-F of Figure 7a and further including an initiator 

board assembly. 
Detailed Description 

[0038] | n the drawings, which are not necessarily to scale, like or 
corresponding parts are denoted by like or corresponding 
reference numerals. 

[0039] Figure 1 is an elevation view of one embodiment of a mi- 
croscale firetrain (MSF) according to the invention. Figure 
2 is a plan view of the embodiment of Figure 1. The em- 
bodiment of Figures 1 and 2 is an electrically-initiated 



and mechanically interrupted micro-scale firetrain (MSF) 
for MEMS-based mechanical safety and arming devices 
used in small- medium- and large-caliber ammunition 
fuzes (however, the invention is not restricted to ammuni- 
tion fuzes). The MSF includes an electric initiator chip 20, 
an initiating spot charge 21, an input explosive column 
22, a lateral transfer charge 23, a receptor charge 24, and 
an output charge 25. The MSF may be integrated into the 
architecture of a MEMS-based mechanical S&A assembly 
such as disclosed in U.S. patent application serial number 
10/248,972 filed on March 6, 2003 and entitled "Minia- 
ture MEMS-Based Electro-Mechanical Safety and Arming 
Device". 

[0040] The explosive output of charge 25 is approximately 

equivalent to the output of a standard M100 electric deto- 
nator, yet the total content of explosives is typically less 
than one half of that contained in a M100. In Figure 2 the 
MSF is shown in a plan view wherein transfer charge 23 is 
seen coupling the output of input explosive column 22, 
across a lateral displacement to initiate receptor charge 
24, which in turn initiates the output charge 25 below it. 

[0041] Figure 3 is a cross-sectional elevation view of a MEMS safe 
and arm assembly 10, taken along the line A-A in Figure 



4, and including the firetrain of Figures 1 and 2. Figure 4 
is a plan view of a MEMS safe and arm assembly. Figure 3 
shows how the MSF of Figures 1 and 2 is integrated with a 
MEMS-based mechanical S&A assembly 10. In the shown 
implementation, initiator board assembly 11 integrates 
with fuze electronics (not shown) via electrical contacts 
15, and is sandwiched below with cover plate assembly 
12. Cover plate assembly 12 integrates on its lower side 
with MEMS-based S&A device 13. On its lower side the 
MEMS device 13 interfaces with an explosive output base 
assembly 14. Note that assemblies 11 through 14, which 
are held together by a clamping or joining means signified 
in Figure 3 by bolt-and-nut assemblies 36, serve to posi- 
tion and confine the elements of the MSF. Figure 4 shows 
a plan view of a representative MEMS-based S&A assembly 
10 in which assembly posts 36, electrical contacts 15, and 
the pressure seal fill 34 overtop initiator chip 20 are 
shown. 

[0042] initiator chip 20 possesses on its substrate surface a re- 
sistive heating element type bridge which is electrically 
connected via a first electrical trace 17 and a second elec- 
trical trace 18 to at least two of the contacts 15 which 
communicate with the fuze firing circuit. The bridge and 



substrate are so designed to exhibit a temperature rise of 
sufficient magnitude and slope given a specific electric 
energy and power delivered by the fuze circuit as to initi- 
ate sustained reaction of the spot charge 21 and meet re- 
lated fuze performance requirements such as function 
time. The electric firing energy sensitivity and perfor- 
mance are application specific requirements. 

[0043] The resistive heating element bridge of initiator chip 20 is 
painted with a spot charge 21 of sensitive primary explo- 
sive used to initiate firetrains. The spot charge 21 creates 
and amplifies a combustion reaction from the hot bridge 
of the initiator chip 20 and subsequently produces an ex- 
plosive output sufficient to initiate input explosive column 
22, with which it is in close physical contact. Spot charge 
21 and charge 22a form a first explosive interface 27. 

[0044] input explosive column 22 is comprised of a stack of ex- 
plosives, typically loaded into a small metal cup 22d with 
an output membrane at the bottom. Input explosive col- 
umn 22 escalates the explosive reaction from a deflagrat- 
ing front at the beginning to a detonating output at the 
end. The method of explosive loading can include any 
combination of pre-pressed pellet, pre-cast pellet, poured 
in explosive, consolidated in place (pressed) explosive, in- 



situ generated explosive, etc. The stackup of increments 
22a, 22b, and 22c is used to ramp up the explosive en- 
ergy from the spot charge 21, initiated by heat from the 
initiator chip 20, to the final "output" increment of the in- 
put explosive column so that there is sufficient explosive 
energy to initiate the transfer charge 23 through the sec- 
ond explosive interface 28. However, other arrangements 
may serve the same purpose with greater or fewer differ- 
ent increments in the stack, as needed to tailor the output 
or as space is available. The entire input explosive column 
22 preferably has a diameter in the range of about 0.015 
to about 0.05 inches and a length in the range of about 
0.05 to about 0.10 inches. 
[0045] | n a preferred embodiment, starting at the open end (next 
to spot charge 21) is a first fill 22a, which is typically a 
primary explosive composition. Charge 22a ramps up the 
explosive energy to initiate a less sensitive but more pow- 
erful incremental charge 22b. Charge 22b is typically 
made of primary explosives, formulated and conditioned 
to a density that gives a more powerful output than what 
was received from charge 22a, in order to initiate incre- 
mental charge 22c. Charge 22c is typically a suitable sec- 
ondary explosive that is a high-output explosive capable 



of small -diameter initiation, for example, CL-20 with a 
binder. Upon initiation, charge 22c projects a detonating 
output through the bottom of the cup 22d and initiates 
transfer charge 23 (assuming the S&A device 13 is me- 
chanically armed). The bottom of cup 22d may function as 
a flyer plate. A mechanical seal 35 may be provided 
around the upper portion of column 22. 

[0046] Explosive loading cup 22d is provided as an expedient 
means to contain, handle, and load the input explosive 
column 22. However, input explosive column 22 can also 
be loaded by consolidating explosive directly into a hole 
machined in the cover plate 12, with a foil membrane in- 
terface to charge 23. The thin metal bottom of cup 22d 
and the air gap that provides working clearance for the 
arming mechanism (such as a slider) to move transfer 
charge 23 together constitute a second explosive inter- 
face 28 between charges 22 and 23. 

[0047] The detonating output of input explosive column 22 

bursts through interface 28 and initiates one end of later- 
ally disposed transfer charge 23. Transfer charge 23 is an 
explosive charge held captive within a pocket or slot in an 
arming mechanism, such as arming slider 16, and is 
preferably made of a suitable high-output secondary ex- 



plosive capable of small-diameter initiation, such as CL- 
20 with a binder. Transfer charge 23 may also be made of 
a primary explosive, if the particular application requires. 
The purpose of charge 23 is to transfer a detonation reac- 
tion laterally from the input axis of explosive interface 28 
to the non-collinear output axis of the receptor charge 24 
through explosive interface 29. Note that transfer charge 
23 diverts the direction of the explosive reaction by 90 
degrees at interface 28, and then diverts it back 90 de- 
grees at interface 29. As described in U.S. patent applica- 
tion 10/248,972, when the arming slider is in the armed 
position, the transfer charge 23 is aligned with the input 
column axis at one end and with the receptor charge axis 
at the other. When it is in the safe position it is aligned 
with neither axis. Charge 23 may comprise a pressed or 
pre-formed explosive pellet, dropped into the arming 
slider pocket, or it may be pressed, cast or slurry-loaded 
into the pocket. Charge 23 preferably has a length in the 
range of about 0.050 to 0.15 inches long, a width in the 
range of about 0.015 to 0.050 inches, and a thickness in 
the range of about 0.008 to 0.030 inches in the MEMS de- 
vice 13 plane. 

[0048] The explosive detonation initiated in the transfer charge 



23 at one end (interface 28) rapidly progresses laterally to 
the other end, where its explosive output bursts across a 
third explosive interface 29, consisting of a metal or plas- 
tic membrane, and impinges explosively into the top of 
receptor charge 24, detonating it. Any suitable means can 
be used to move transfer charge 23 from the safe to the 
armed position, i.e., launch acceleration, spin, manual 
setting, electromechanical actuation, magnetic actuation, 
thermal expansion device, thermal bimetal actuation, 
piezoelectric actuator, memory metal actuator, etc. 

[0049] Receptor charge 24 receives the explosive output of 

transfer charge 23 and continues the reaction, amplifying 
it as it proceeds to initiate output charge 25. Receptor 
charge 24 is made of a suitable high-output secondary 
explosive, pressed to a specified density into receptor cup 
24a. The cup 24a is there for expediency of handling and 
confinement. Configurations in which charge 24 is 
pressed into a blind hole in the MEMS S&A device 13 sub- 
strate can also be used. The output of the receptor charge 

24 bursts across a fourth explosive interface 31, typically 
an air gap, and impinges explosively into the top of an 
output charge 25, which typically is a secondary explo- 
sive. Receptor charge 24 preferably has a diameter in the 



range of about 0.015 to 0.05 inches and a length greater 
than about 0.030 inches. 

[0050] Output charge 25 is made of a suitable high-output sec- 
ondary explosive, and may be loaded into a cup or may be 
cast-molded or pressed into the output charge cavity 25a. 
Output charge 25 continues and expands upon the output 
of charge 24. In Figure 3, the centerline of the receptor 
charge 24 is shown offset laterally from the centerline of 
the output charge 25 to demonstrate that symmetry at 
this location is not required for operation of the firetrain. 
The explosive transfer from the receptor charge 24 to the 
output charge 25 constitutes a buildup of explosive out- 
put, resulting in a powerful detonating output from output 
charge 25 that bursts through a fifth and final explosive 
interface 33 that typically consists of a metal foil layer, 
and into an explosive acceptor 26, sometimes called a re- 
lay, lead, or booster charge, external to the S&A assembly 
10. The output charge 25 can be sized to meet specific 
application requirements. 

[0051] The explosive composition of the various charges 22 
through 25 and the localized density created by the 
pressing and loading operations are such that one of or- 
dinary skill in the art will be able to replicate a detonation 



transfer through the aligned components of the firetrain 
and into the output charge 25. While this description af- 
fords specifications for a system that has been success- 
fully demonstrated, the exact values and combinations 
that will be successful depend on various factors, includ- 
ing the size of the mechanical interface gaps. It will be 
appreciated that the same firetrain, by replacing detona- 
tion transfer materials with deflagration propagating ma- 
terials, could be used to simply initiate and propagate a 
deflagration wave to accomplish some purpose (for exam- 
ple, a squib type function). 
[0052] The invention can replace existing firetrain initiation con- 
trol systems that are sized to move and position a stan- 
dard MIOO-type detonator with a new type of firetrain ini- 
tiation control system that is far smaller and whose arm- 
ing status can be managed using MEMS-scale (versus 
macro-scale) structures. An important feature of the in- 
vention is that a necessary part (transfer charge 23) of the 
explosive firetrain is controlled separately from the other 
parts and that the initiating portion of the firetrain is al- 
ways mechanically out of line with the output portion of 
the firetrain. 

[0053] The input explosive column 22 is preferably a combina- 



tion of primary and secondary explosives and has a longi- 
tudinal axis that is parallel to, but laterally displaced from, 
the longitudinal axis of the receptor charge 24. The trans- 
fer charge 23, when in the safe position, is lined up nei- 
ther with the input explosive column 22 nor with the re- 
ceptor charge 24. The MEMS arming mechanism actually 
forms a barrier between the input explosive column 22 
and the receptor charge 24, when in the safe position. The 
lateral offset between the input explosive column 22 and 
the receptor charge 24 is such that if the entire MEMS 
arming mechanism is omitted from the assembly 10, the 
input explosive column 22 is small enough that it is not 
capable of initiating or damaging the receptor charge 24. 
When the MEMS arming mechanism is in its armed posi- 
tion, the input explosive column 22 and the receptor 
charge 24 are explosively connected only through the 
transfer charge 23. The transfer charge 23 consists, in the 
preferred embodiment, only of secondary explosives. The 
explosive output of input explosive column 22 is, for ex- 
ample, a detonation wave (could also be a flyer plate of 
sufficient kinetic energy) that propagates through inter- 
face 28 and that initiates a laterally-traveling detonation 
wave in the transfer charge 23. The transfer charge 23, 



once initiated with a detonation wave, is capable of carry- 
ing the detonation reaction laterally along its length and 
then initiating a detonation wave at right angles to itself 
into the receptor charge 24. The invention can also be 
used to initiate and propagate a deflagration output only, 
for a squib-type application. In this case, charges 25 and 
26 would be replaced with def lag rating-type charges. 

[0054] The preferred way to assemble the components of the 

above-described embodiment is a slurry load of initiator 
spot charge 21, pressed powder for 22c, pressed powder 
for 22b, slurry load for 22a and pressed pellets, mechani- 
cally emplaced, for charges 23, 24 and 25. 

[0055] Figure 5a is a plan view of a MEMS safe and arm assembly 
8a in the safe (unarmed) position and incorporating a sec- 
ond embodiment of a microscale firetrain according to the 
invention. Figure 5b is a cross-sectional elevation view 
taken along the line B-B of Figure 5a and further including 
the cover plate and initiator board assemblies 49 and 11. 
Figure 5c is an enlarged view of a portion of Figure 5b 
showing the detail of the input charge 40 and arming 
slider 45 in the safe position. 

[0056] a second preferred embodiment of a MEMS safe and arm 
assembly is shown in Figures 5a and 5b. In this embodi- 



ment, an explosive in-plane transfer charge 41 is dis- 
posed in the plane of the MEMS S&A device layer 50. De- 
vice layer 50 includes a movable arming mechanism, such 
as arming slider 45. The device layer 50 may rest on and 
include a substrate 51. Figure 5b shows initiator board 
assembly 11, on top of cover plate 49, which rests against 
MEMS device layer 50. Layers 11, 49, 50, and 51 all stack 
and fit in output housing 52. 
[0057] The beginning of the second embodiment of the firetrain 
is similar to that of the first embodiment. Along an axis 
that is normal to the plane of the S&A device layer 50, a 
resistively-heated bridge type electrical initiator 20 initi- 
ates spot charge 21. Spot charge 21 is made of a primary 
explosive such as lead styphnate. Spot charge 21 initiates 
the input explosive column that is loaded into the cover 
plate 49. The input explosive column includes a first pri- 
mary-explosive charge 37 (such as lead azide) that is 
more powerful but less sensitive than spot charge 21, a 
second charge 38, made of a more powerful primary or 
secondary explosive charge than charge 37. The third and 
most powerful input column charge 39 is a powerful sec- 
ondary explosive mix, such as CL-20 with a binder. The 
purpose of charges 37, 38, and 39 is to build up an ex- 



plosive detonation front to detonate the in-plane input 
charge 40. Input charge 40 is typically a thin pressed pel- 
let of a powerful secondary explosive mix, such as CL-20 
with a binder. Input charge 40 is disposed in a slot that is 
part of the MEMS device layer 50. The induced detonation 
wave in charge 40 travels laterally (in-plane) along the 
substrate from the distal end and toward the arming slider 
45. When the arming slider 45 is in its safe position, 
shown in Figures 5a, 5b and 5c, the reaction ends with the 
consumption of charge 40. 
[0058] Figure 6a is a plan view of the safe and arm assembly 8a 
of Figure 5a in the armed position. Figure 6b is a cross- 
sectional elevation view taken along the line D-D of Fig. 
6a and further including the cover plate and initiator 
board assemblies. Figure 6c is an enlarged view of a por- 
tion of Figure 6b. When the arming slider 45 is in its 
armed position as shown in Figures 6a, 6b and 6c, the 
detonation front passes laterally through the thin side 
walls of the device layer frame 55 (Fig. 6c), then across 
the small gap to the thin wall of the arming slider 45 
where it energetically impinges endwise upon the in-plane 
transfer charge 41 and detonates it. The output of trans- 
fer charge 41 is collinear with in-plane receptor charge 



42, which is another in-plane secondary explosive pellet. 
Transfer charge 41 detonates in-plane receptor charge 42 
by blasting through a second thin wall of the pocket in the 
arming slider 45, across the gap, through the thin side 
wall of device layer frame 55, and into first in-plane out- 
put charge 43, detonating it. Transfer charge 41 and re- 
ceptor charge 42 are typically pressed or formed pellets of 
a secondary explosive compound, preferably one that has 
a high-output explosive and is capable of small-diameter 
initiation, such as CL-20 with a binder. Charges 41 and 42 
are preferably of the same dimensions and material as 
charge 40, for interchangeability. Alternatively, charge 40 
and 41 may consist of a primary, rather than secondary, 
explosive mix. First in-plane output charge 43 then fires 
into a second in-plane output charge 44, detonating it. 
The output of charge 44, which is typically a cylindrical 
shape and comprised of secondary explosives, is approxi- 
mately equivalent to that of an M100 detonator. Prefer- 
ably, the combined volume of charges 37, 38, 39, 40 and 
41 is less than about 0.002 cubic centimeters. 
[0059] | n an accident scenario, however, as shown in Figures 5a 
and 5b, the arming slider 45 of the MEMS S&A assembly 
8a will be in the safe position so that the in-plane transfer 



charge 41 and in-plane receptor charge 42 will not be af- 
fected by the inadvertent reaction and output of in-plane 
input charge 40. The output of input charge 40 in such a 
case will be wasted against a solid portion of the arming 
slider as shown and safety of the overall weapon system 
will be preserved by protecting in-plane receptor charge 
42 from input that might otherwise propagate a reaction 
beyond the interrupter. What is more, if in-plane transfer 
charge 41 were somehow inadvertently ignited indepen- 
dent of input charge 40 when the arming slider was lo- 
cated in the safe position, the output of transfer charge 
41 would also be wasted against an inert part of the 
frame, and thus in-plane receptor charge 42 would be 
protected and safety would be preserved. Additionally, if 
the entire slider 45 were missing, the output of charge 40 
would not be able to operate across the long air gap of 
the slider track to initiate charge 42. 
[0060] The outputs of in-plane transfer charge 41 and in-plane 
receptor charge 42 are intended to be an explosive deto- 
nation wave, but a similar firetrain could be used to sim- 
ply initiate and propagate a deflagration wave to accom- 
plish some purpose (squib type function). A preferred way 
to assemble the components of the second embodiment is 



a slurry load of initiator spot charge 21; pressed powder 
for charges 39 and 38; slurry load 37; and mechanically 
emplaced pressed pellets for charges 40, 41, 42, 43 and 
44. Alternatively, charge 21 may be a grown (in situ) ex- 
plosive, and charges 40, 41 and 42 can be a viscous ex- 
plosive mix that is slurry-loaded or cast in place. 

[0061] The second embodiment is advantageous for applications 
wherein an explosive output is desired to exit the assem- 
bly in a lateral, rather than normal, direction relative to 
the plane of the MEMS device layer 50. In addition, the 
second embodiment can be implemented in a thinner 
stack than can the first embodiment, because of the in- 
plane lateral direction of the output. 

[0062] Figure 6d is a cross-sectional elevation view of an alterna- 
tive construction of the second embodiment of the fire- 
train shown in Figure 5a. In Figure 6d, in-plane input 
charge 40 and in-plane receptor charge 42 are disposed 
in recesses in the underside of a modified cover plate 49a. 
In the armed position, each of input charge 40 and recep- 
tor charge 42 have a small overlap at opposite ends of in- 
plane transfer charge 41. The overlaps of input charge 40 
and receptor charge 42 allow a reliable explosive transfer 
without the need to thin the sides of the arming slider 45. 



[0063] Figure 7a is a plan view of a MEMS safe and arm assembly 
9 in the safe (unarmed position) and incorporating a third 
embodiment of a microscale firetrain according to the in- 
vention. Figure 7b is a cross-sectional view taken along 
the line F-F of Figure 7a and further including the initiator 
board layer. Referring to Figures 7a and 7b, the explosive 
initiating buildup as well as the explosive transfer is dis- 
posed in the plane of the MEMS S&A device layer 50. 
Starting, as with the second embodiment, along an axis 
that is normal to the plane of the S&A device layer 50, the 
explosive activity begins with a resistively heated bridge 
on initiator chip 20 disposed in initiator board assembly 
11. Chip 20 ignites spot charge 21 which in turn fires 
downward onto the plane of the MEMS S&A device layer 
50. Spot charge 21 initiates an input explosive row com- 
prising charges 60, 61 and 62. A cover plate assembly is 
not included in assembly 9. 

[0064] spot charge 21 directly initiates a first in-plane buildup 
charge 60. The first in-plane buildup charge 60 is a low 
density primary explosive mix and it fires into contiguous 
second in-plane buildup charge 61, which may be a 
higher density primary explosive mix, and which then 
fires into a third in-plane buildup charge 62, which is a 



more powerful secondary explosive mix, such as CL-20 
with a binder. The output of charge 62 fires into transfer 
charge 41, which is carried by the arming slider and is 
lined up with the other charges when in the armed posi- 
tion. Explosive charges 41, 42, 43 and 44 are identical in 
design and function as that shown in the second embodi- 
ment. Preferably, the combined volume of charges 60, 61, 
62 and 41 is less than about 0.0015 cubic centimeters. 
[0065] | n the armed position, the output of transfer charge 41 
detonates in-plane receptor charge 42, which detonates 
first output charge 43, and which detonates second out- 
put charge 44. This latter part of the firetrain is identical 
to that of the second embodiment above and is not re- 
peated here. The configuration of the third embodiment 
has the advantage that there is a simplification of the ex- 
plosive loading because the cover plate and its columnar 
buildup charges 37, 38 and 39 are eliminated, and are re- 
placed by a row of contiguously loaded in-plane build-up 
increments 60, 61, and 62. There is also a conservation of 
space in the stack-up of parts, due to the elimination of 
the cover plate. 

[0066] other advantages of the third embodiment include elimi- 
nation of the cover plate assembly, which saves cost and 



volume; and simplified explosive loading by moving the 
input build-up charges in-plane. The third embodiment is 
also capable of initiating and propagating a deflagration 
output (squib type function). In the third embodiment, the 
output housing 52 replaces base 14 and clamping hard- 
ware 36 and the device enables casting of all explosive el- 
ements since each explosive cavity can be closed on all 
but a loading side. With suitable rearrangement, the 
bridge element can be deposited in position on the top of 
51 and beneath 60, the 60 explosive can be replaced by 
the 21 explosive and 34, 20, and 60 can be eliminated, 
supplying further simplification and reduction of compo- 
nents/processes. In addition, the embodiment of Figures 
7a and 7b can be modified in a manner analogous to the 
modification of the second embodiment shown in Figure 
6d. 

[0067] Th e various embodiments of the present invention are 

useful in, for example, miniaturized devices to initiate an 
explosive firetrain; miniaturized devices to provide an ex- 
plosive/energetic event, for shock, heat, pressure, kinetic 
energy, chemical energy output; miniaturized devices to 
initiate a deflagration firetrain; in tube-launched weapons, 
grenades, mines, etc., provide miniature explosive ele- 



merits to enable a MEMS-based mechanical safety and 
arming device to provide an output; in industrial applica- 
tions such as mechanical logic and arming for explosive 
output for explosive bolts, blasting caps, actuators, self- 
destruct devices, rocket motor igniters, and gas genera- 
tors, and miniature hand-safe blasting initiation systems; 
in weapons where lead content and the output of lead- 
containing products must be reduced; in applications 
where the overall amount of explosive needs to be re- 
duced, for example to improve safety during manufacture, 
assembly, and testing; in applications where the overall 
amount of explosive needs to be reduced, for example for 
miniaturized device/system applications; in applications 
where the amount of primary explosives needs to be re- 
duced, for example to improve safety during manufacture, 
assembly, and testing; and in applications where reduced 
mass of explosive components is desired. 
[0068] while the invention has been described with reference to 
certain preferred embodiments, numerous changes, alter- 
ations and modifications to the described embodiments 
are possible without departing from the spirit and scope 
of the invention as defined in the appended claims, and 
equivalents thereof. 



